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Cleavage	 of	 Macromolecular	 RAFT	 Chain	 Transfer	 Agents	 by	 Sodium	 Azide	
During	Characterization	by	Aqueous	GPC	
Reece	W.	Lewisa,	Richard	A.	Evansb,	Nino	Malicb,	Kei	Saitoc*,	Neil	R.	Camerona,d*	









Accurate	and	 reliable	analysis	of	polymers	by	GPC	 is	vital	 in	 the	 field	of	 controlled	 radical	
polymerisation.	 Often,	 water-soluble	 polymers	 are	 analysed	 by	 aqueous	 gel	 permeation	
chromatography	 (GPC)	 in	 a	 solvent	 containing	 dilute	 sodium	 azide	 as	 an	 anti-microbial	
agent.	 Previous	 reports	 have	 shown	 that	 sodium	 azide	 at	 high	 concentration	 is	 able	 to	
remove	 terminal	 CTA	 groups	 from	 polymer	 chains,	 producing	 thiol-terminated	 polymers.	
This	study	demonstrates	that	GPC	sample	preparation	of	RAFT	polymers	in	aqueous	solvents	
containing	 dilute	 (200	 ppm)	 sodium	 azide	 can	 cause	 significant	 changes	 in	 the	measured	
molecular	weight	distribution.	These	changes	occur	within	hours	of	dissolving	the	polymer	
sample	and	are	shown	to	be	due	to	cleavage	of	the	CTA	in	the	polymer	chain	together	with	
disulfide	 coupling	 of	 the	 resulting	 polymeric	 thiols.	 The	 extent	 to	 which	 this	 occurs	 is	
strongly	dependent	on	the	CTA	attached	to	the	polymer;	an	almost	10-fold	difference	in	the	








Reversible	 addition-fragmentation	 chain	 transfer	 (RAFT)	 polymerisation	 is	 a	 widely	 used	
reversible	 deactivation	 radical	 polymerisation	 (RDRP)	 technique	 for	 the	 generation	of	 low	
dispersity,	 controlled	 polymers.1	 With	 the	 addition	 of	 a	 compatible	 chain	 transfer	 agent	
(CTA)	to	a	free	radical	polymerisation,	the	facile	synthesis	of	controlled	architectures	such	as	
block,	 star	 and	 graft	 copolymers	 can	be	 achieved.2,	 3	 Due	 to	 its	 compatibility	with	 a	wide	
range	 of	 monomers	 and	 experimental	 conditions	 (including	 aqueous	 solvents),	 RAFT	 has	
proven	to	be	a	particularly	versatile	and	popular	technique.4	
	
RAFT	 polymerisations	 have	 been	 widely	 conducted	 in	 aqueous	 solvents	 in	 cases	 where	
compatibility	with	organic	solvents	 is	poor.	For	example,	bioconjugation	of	RAFT	polymers	
to	 proteins	 is	 conducted	 in	 aqueous	 solution	 both	 for	 solubility	 reasons	 and	 to	 prevent	
protein	 denaturation.	 Another	 reason	 for	 the	 use	 of	 aqueous	 solution	 is	 poor	





either	 ϒ-irradiation	 or	 redox	methods.7-9	 Recently,	 Sumerlin	 and	 coworkers	 demonstrated	




Gel	 permeation	 chromatography	 (GPC)	 is	 the	 technique	 to	 characterise	 and	 analyse	 the	
average	molecular	weight	and	the	molecular	weight	dispersity	of	synthesised	polymers.	For	
water-soluble	polymers	such	as	polyacrylamide,	aqueous	GPC	is	often	used.	We	have	found	



















the	analysis	of	RAFT	polymers.	At	 the	concentration	of	 sodium	azide	used	 in	our	aqueous	
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basic	 alumina	 prior	 to	 use	 to	 remove	 inhibitor.	 1,1’Azobis(cyclohexanecarbonitrile)	 (Vazo-
88,	 98%)	 and	 azobisisobutyronitrile	 (AIBN,	 98%)	 were	 obtained	 from	 Sigma	 Aldrich	 and	
purified	 by	 recrystallising	 from	 methanol.	 	 	 Acrylamide	 (AM,	 98%),	 sodium	
formaldehydesulfoxylate	 (NaFS),	 ammonium	 persulfate	 (APS,	 98%),	 NaN3	 (99.5%),	 Na3PO4	
(96%)	and	methylamine	(98%)	were	obtained	from	Sigma	Aldrich	and	used	as	received.	4,4’-
Azobis(4-cyanopentanoic	 acid)	 (VA-501,	 98%	 MP	 Biomedicals),	 NaNO3	 (99.5%	 VWR	





bis(α,α’-dimethyl-α’’-acetic	 acid)trithiocarbonate	 (DMAT)16	 were	 synthesised	 according	 to	
literature	procedures,	while	 	O-ethyl-S-(1-methoxycarbonyl)	ethyl	dithiocarbonate	(XA01)17	
was	 synthesised	 by	 the	 reaction	 of	 potassium	 ethyl	 xanthogenate	 with	 methyl	 2-bromo-
propionate	 (modified	 literature	 procedure).	 Analytical	 data	 were	 in	 accordance	 with	
	 6	
literature	 values.	 3-((((1-carboxyethyl)thio)carbonothioyl)-thio)propanoic	 acid	 (BM1429,	
90%),	 cyanomethyl	 (3,5-dimethyl-1H-pyrazole)-carbodithioate	 (CDMPC,	 95%)	 and	
dibenzyltrithiocarbonate	 (DBTTC,	 97%)	were	 obtained	 from	Boron	Molecular	 and	 used	 as	
received.	 2-Cyano-2-propyl	 benzodithioate	 (CPDB,	 97%)	was	 obtained	 from	 Sigma	 Aldrich	
and	used	as	received.		
Deuterium	oxide	 (D2O,	 99.9%	D	 atom)	 and	 deuterated	 chloroform	 (CDCl3,	 99.8%	D	 atom)	









The	average	molecular	weight	and	dispersity	 (Ɖ)	of	 the	 resultant	polymers	was	measured	
through	 gel	 permeation	 chromatography	 (GPC).	 Samples	 were	 analysed	 on	 either	 a	





to	 4	 ×	 106).	N,N-Dimethylacetamide	 (DMAc)	 (containing	 4.34	 g	 L-1	 lithium	bromide	 (LiBr))	
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reported	 as	 PMMA	equivalents.	 The	Waters	 Alliance	 system	 is	 equipped	with	 an	 Alliance	
2695	Separations	 Module	 (integrated	 quaternary	 solvent	 delivery,	 solvent	 degasser	and	
autosampler	system),	a	Waters	column	heater	module,	a	Waters	2414	RDI	refractive	 index	
detector	and	2×	Agilent	PL-AquaGel-OH	columns	(Mixed	H,	8μm),	each	300	mm	×	7.8	mm2,	




PEO	 standards	 (Polymer	 Laboratories)	 ranging	 from	238	 to	 969,000	 g	 mol-1,	 and	 molar	

















of	 CTAs	 (Figure	 1).	 The	 key	 experimental	 parameters	 for	 each	 polymer	 sample	 are	 given	
Table	1.	Polymers	378kDMAT	and	365kDMAT	were	prepared	by	a	Chemspeed	automated	
parallel	 synthesiser;	 all	 other	 polymers	were	 prepared	using	 standard	 round-bottom	 flask	






































b𝑀!,!"#$ = 𝑀𝑤!"#"!$%× !"#"$%& !!"# ! ×%𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 +𝑀𝑤!"#	 where	 %conversion	 is	
calculated	 by	 comparing	 the	 1H-NMR	 integrals	 of	 the	 unsaturated	 double	 bond	 on	 the	
monomer	to	the	polymer	backbone.	





Initial	 experiments	 investigated	 the	 stability	 of	 the	 trithiocarbonate	 group	 under	 GPC	
solvent	 conditions	 to	 investigate	 the	 cause	 of	 the	 observed	 bimodal	 distribution	 after	
aqueous	GPC	 characterisation.	378kDMAT	 and	365kDMAT	were	 dissolved	 in	 the	 solvents	
listed	 below	 at	 a	 concentration	 of	 24	mg	 polymer/mL.	 This	 concentration	was	 chosen	 to	
deliver	 a	 UV-vis	 absorbance	 at	 λmax	 close	 to	 1	 without	 further	 dilution	 to	 allow	 for	 easy	












range	 of	 polymers	 were	 treated	 with	 aqueous	 sodium	 azide	 at	 concentrations	
representative	of	GPC	 conditions.	 The	polymers	were	dissolved	 in	 an	aqueous	 solution	of	
3.1	 mM	 (200	 ppm)	 sodium	 azide	 at	 a	 polymer	 concentration	 of	 0.1	 mM	 (2-0.1	 mg/mL	
depending	 on	 the	 polymer	 molecular	 weight).	 Additionally,	 selected	 samples	 were	 also	
	 12	
analysed	at	a	higher	concentration	of	sodium	azide	with	the	rate	of	CTA	removal	compared	
to	 that	 achieved	 by	 methylamine	 (267mM	 sodium	 azide/methylamine	 and	 26.7	 mM	
polymer).	The	change	in	UV-vis	absorbance	(for	the	corresponding	CTA)	was	then	monitored	
over	 time	 to	 track	 the	 reaction	progress.	 For	UV-vis	measurements,	 the	 0.1	mM	polymer	













We	 initially	 investigated	 the	 extent	 of	 azide-induced	 CTA	 cleavage	with	 time	 for	 polymer	
365kDMAT	 as	 a	 representative	 high	 molecular	 weight	 polyacrylamide	 with	 a	
trithiocarbonate	 CTA	 in	 the	middle	 of	 the	 chain	 (Figure	 1).	 Cleavage	was	monitored	 over	
time	by	UV-Vis	spectrophotometry	as	is	shown	in	Figure	2.	The	results	clearly	demonstrate	a	
continual	reduction	in	absorbance	at	302	nm	(λmax	for	trithiocarbonates)	over	time	for	the	
RAFT	 polymer	 dissolved	 in	 azide-containing	 solvents,	 while	 either	 water	 alone	 or	 basic	
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buffer	 results	 in	no	change	 (note	that	 the	GPC	buffer	 itself	has	an	absorbance	at	302	nm,	
hence	 the	 difference	 in	 initial	 absorbances	 in	 Figure	 2).	 In	 this	 case,	 the	 rate	 of	 loss	 of	
absorbance	 appears	 to	 be	 approximately	 50%	 after	 45	 hours	 in	 200	 ppm	 sodium	 azide.	
Figure	 2	 suggests	 that	 even	 at	 2.5	 hours	 it	 is	 likely	 that	 some	alteration	of	 the	molecular	
weight	distribution	will	have	occurred	due	to	attack	on	the	CTA.	With	the	time	for	polymer	
dissolving,	dispersion,	 sample	 loading	and	column	preparation	 taken	 into	account	 for	GPC	





In	 analysing	 RAFT	 polymer	 samples	 after	 CTA	 nucleophilic	 cleavage	 it	 is	 important	 to	
consider	how	the	CTA	location	(terminal	or	central)	and	the	presence	(or	lack)	of	an	acrylic	
monomer	in	the	sample	will	affect	the	expected	alteration	of	molecular	weight	distribution	
(Figure	 3).	Nucleophilic	 attack	 on	 polymers	with	 a	 terminal	 CTA	 group	will	 produce	 thiol-
terminated	 polymers	 of	 unchanged	 molecular	 weight	 which	 may	 then	 undergo	 disulfide	
coupling,	 producing	 chains	 of	 twice	 the	 original	 molecular	 weight	 (Figure	 3,	 part	 1),	 or	
alternative	side	reactions	such	as	back-biting	as	has	been	observed	for	polymethacrylates18.	




Figure	 2.	 CTA	 group	 loss	 from	 365kDMAT	 in	 different	 solvents	 monitored	 by	 UV-Vis	
absorbance	at	302nm	(λmax	for	trithiocarbonates).	
	
In	 the	 case	 of	 trithiocarbonates,	 the	 thiocarbonyl	 compound	 formed	 by	 reaction	 with	
sodium	 azide	 may	 or	 may	 not	 be	 susceptible	 to	 a	 second	 nucleophilic	 attack.	 Figure	 3	
illustrates	the	outcomes	of	sodium	azide	attack	on	symmetrical	RAFT	polymers	(CTA	group	
in	 the	 middle	 of	 the	 chain)	 for	 both	 of	 these	 cases	 (Figure	 3,	 parts	 2	 and	 3).	 An	 initial	
nucleophilic	 attack	 will	 produce	 two	 polymer	 chains	 of	 approximately	 half	 the	molecular	
weight	of	 the	parent	 chain.	One	of	 these	polymer	chains	will	be	 thiol-terminated	and	 the	
other	thiocarbonyl-terminated.	Assuming	that	the	thiocarbonyl	group	is	inert,	then	even	in	



























If,	 however,	 the	 terminal	 thiocarbonylthio	 group	 is	 able	 to	 produce	 a	 second	 thiol	
terminated	 chain	 (by	 further	 reacting	 with	 sodium	 azide)	 then	 a	 complete	 recovery	 of	










good	 agreement	with	Mn,conv	 (Table	 S1,	 supporting	 information).	 Additionally,	 there	 is	 no	
difference	in	Ɖ	between	samples	in	water	or	the	pH	8	GPC	solvent	without	sodium	azide.	A	
clear	difference	arises	when	these	are	compared	with	the	sodium	azide-containing	solvents,	
which	produce	a	 clear	bimodal	distribution.	 It	 can	be	 seen	 that	 approximately	half	 of	 the	
polymer	 chains	 have	 halved	 in	 molecular	 weight,	 resulting	 in	 a	 second	 peak	 of	 similar	
magnitude	 at	 approximately	 250	 kDa.	 The	 observation	 that	 approximately	 half	 of	 the	







The	 experiment	 was	 then	 repeated	 with	 7.4kBM1429	 to	 confirm	 that	 polymers	 with	 a	
terminal	CTA	will	similarly	be	cleaved	in	GPC	solvents	containing	200	ppm	sodium	azide.	It	
was	noted	that	this	RAFT	polymer	experienced	less	than	6%	reduction	in	absorbance	at	305	
nm,	 even	 after	 48	hours	 in	 either	 the	GPC	 solvent	 (with	 azide)	 or	 200	ppm	 sodium	azide	
(Figure	S1,	supporting	information).	The	corresponding	GPC	trace	showed	an	emerging	peak	
at	double	the	starting	molecular	weight,	suggesting	that	cleavage	of	 the	CTA	end	group	 is	
accompanied	by	disulfide	 formation	 (Figure	S2	and	Table	S1,	supporting	 information).	The	
significantly	slower	reaction	with	sodium	azide,	compared	to	the	case	where	the	CTA	 is	 in	
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In	 order	 to	 better	 understand	 which	 RAFT	 polymers	 are	 more	 reactive	 towards	 sodium	
azide,	 a	 more	 detailed	 comparison	 of	 the	 different	 CTA	 types	 was	 conducted.	 As	 stated	
above,	 certain	 dithiobenzoate	 CTAs	 have	 already	 been	 shown	 to	 be	 susceptible	 to	
nucleophilic	attack	at	high	concentrations	of	sodium	azide.14	 In	the	same	work,	a	xanthate	





A	 reduction	 in	 RAFT	 group	 UV	 absorbance	 over	 48	 hours	 was	 observed	 for	 all	 polymers	
treated	 with	 200	 ppm	 (3.1mM)	 sodium	 azide	 (Figure	 5).	 For	 example	 5.3kCPDB	 and	








in	CTA	λmax	absorbance	 for	10kSPAT	 and	1kXA1).	However,	other	RAFT	polymers	 (such	as	
those	with	dithiobenzoate	CTAs)	will	likely	have	a	significant	alteration	to	MWD,	even	when	
run	 within	 3	 hours.	 Overall,	 the	 results	 suggest	 that	 the	 CTA	 order	 of	 reactivity	 towards	
sodium	 azide	 is	 CPDB>>CDPMC>=DMAT>XA1>SPAT.	 Note	 that	 we	 cannot	 comment	
quantitatively	 on	 the	 extent	 of	 CTA	 removal	 since	 there	 may	 be	 other	 groups	 in	 the	
polymers	that	absorb	at	CTA	λmax.	
	













at	 each	 time	 point	 for	 these	 samples	 can	 however	 been	 seen	 in	 Figures	 S3	 and	 S4	
(supporting	information).	1H-NMR	spectra	of	each	RAFT	polymer	sample	before	and	after	48	
h	treatment	with	267	mM	sodium	azide	suggests	complete	thiocarbonyl	group	removal	for	
all	 samples	 (Figures	 S5	 –	 S9,	 supporting	 information).	 Therefore,	 the	 residual	 relative	
absorbance	 for	 each	 sample	 after	 48	 hours	 treatment	 with	 sodium	 azide	 should	 not	 be	
interpreted	as	incomplete	reaction.	With	this	in	mind,	almost	complete	CTA	group	removal	
can	 be	 achieved	 in	 2	 hours	 for	 reaction	 between	 1.5kDMAT	 and	 267	 mM	 sodium	 azide	
solution.	10kSPAT	 and	1kXA1	appear	 to	 require	 significantly	 longer	 reaction	 times,	with	a	











Figure	 6.	 Relative	 UV-vis	 absorbance	 (at	 CTA	 λmax)	 after	 26.7	mM	RAFT	 polymer	 samples	




(Table	 2,	 Figures	 S10	 –	 S13	 supporting	 information).	 10kSPAT	 and	 4.6kCDMPC	 polymers	
exposed	to	both	methylamine	and	sodium	azide	produce	polymers	with	a	MWD	shifted	to	




































An	 interesting	 result	 is	 seen	 for	 the	 1.5kDMAT	 polymer	 (containing	 a	 symmetrical	 RAFT	
agent);	reaction	with	267	mM	methylamine	resulted	in	a	higher	peak	molecular	weight	than	
the	 original	 sample,	with	 a	 comparable	Mn	 (1.7	 kDa	 before	 treatment	 and	 1.6	 kDa	 after)	
(Figure	 7).	 Given	 that	 UV-vis	 spectroscopy	 measurements	 have	 shown	 near	 complete	
removal	 of	 the	 CTA,	 this	 implies	 near	 complete	 polymer	 cleavage	 followed	 by	 disulfide	
coupling	 of	 the	 newly	 formed	 thiol-terminated	 polymers.	 However,	when	1.5kDMAT	was	
reacted	with	sodium	azide	a	bimodal	distribution	was	formed	with	one	peak	at	the	starting	
molecular	weight	and	another	peak	at	half	this	molecular	weight.	Referring	to	Figure	3,	this	
suggests	 that	 the	 thiocarbonyl	 intermediate	 formed	 upon	 reaction	 of	 a	 trithiocarbonate	
with	sodium	azide	is	inert	to	further	nucleophilic	attack.	This	means	that	half	of	the	chains	













Mn,GPC	(kDa)	 Ɖ Mn,GPC	(kDa)	 Ɖ Mn,GPC	(kDa)	 Ɖ 
10kSPAT	 7.7	 1.09	 9.0	 1.70	 11.1	 1.55	
4.6kCDMPC	 2.8	 1.15	 5.5	 1.24	 5.6	 1.34	
5.3kCPDB	 6.2	 1.15	 8.3	 1.27	 6.5	 1.19	
1kXA1	 0.96	 1.19	 1.0	 1.41	 1.1	 1.36	











azide	 with	 4.6kCDMPC,	 providing	 an	 opportunity	 to	 investigate	 further	 the	 reaction	
mechanism	and	products	formed.	
	






thiocarbonyl	 carbon.	 This,	 along	with	NMR	peaks	 corresponding	 to	 a	pyrazole	 group,	was	
then	used	 to	 generate	 the	proposed	 structures	 shown	 in	Figure	9.	These	 structures	were	
supported	 by	 mass	 spectrometry	 performed	 on	 the	 PX1	 sample	 (Figure	 S15,	 supporting	
information).	 Given	 that	 PX1	 is	 unstable	 at	 room	 temperature,	 it	 is	 not	 surprising	 that	
significant	fragmentation	to	PX2	appears	to	have	occurred	during	MS	analysis	(calculated	for	
C6H7N3	+1H+	122.0718,	found	122.0714).	Additionally,	if	the	proposed	structures	are	correct,	




on	 the	 formation	 of	 1,2,3,4-thiatriazoles	 by	 reaction	 of	 dithioesters	 with	 sodium	 azide.21	
	 25	
Thiatriazoles	 are	 known	 to	 be	 unstable	 compounds	 in	 solution	 at	 room	 temperature	 and	
degrade	 into	 nitrogen	 gas,	 sulfur	 and	 a	 nitrile.21-23	However,	 the	 formation	 of	 a	 thioacyl	
azide	(as	proposed	in	the	work	by	Wu	et	al.	14)	instead	of	a	thiatriazole	cannot	be	ruled	out	
from	the	above	evidence	since	 it	will	produce	MS	and	NMR	spectra	 in	 line	with	what	has	
been	 observed	 experimentally.	 Importantly,	 it	 is	 known	 that	 the	 ring	 structure	 of	
thiatriazoles	 does	 not	 have	 an	 IR	 absorbance	 at	 2100	 –	 2200	 cm-1,	while	 a	 thioacyl	 azide	
would	 since	 the	 azide	 absorbance	 at	 2100	 –	 2200	 cm-1	 is	 so	 strong	 and	 little	 altered	 by	
surrounding	 groups.24	 IR	 analysis	 performed	on	PX1	 gave	no	 clear	peak	 above	1600	 cm-1,	
confirming	 the	 thiatriazole	 structure.	 A	 nitrile	 peak	 at	 2251cm-1	 for	 PX2	 was	 observed,	
confirming	 its	proposed	 structure	 (Figure	S16,	 supporting	 information).	Additionally,	 an	 IR	
absorption	at	1583cm-1	was	observed	and	 is	 in	 line	with	 reported	values	 for	 the	C=N	and	
N=N	 stretching	 vibrations	 for	 the	 heteroaromatic	 ring	 system.23.	 Thus,	 it	 is	 proposed	 that	





The	 solid	 precipitate	 (PY1)	 from	 reaction	 of	 sodium	 azide	 with	 5.3kCPDB	 was	 similarly	

















































sodium	 azide.	 PX1	 is	 the	 initially	 formed	 unstable	 precipitate,	 PX2	 is	 its	 stabilised	
degradation	product.			
	
Although	 not	 demonstrated	 here,	 it	 does	 appear	 likely	 that	 all	 CTAs	 form	 a	 thiatriazole	
intermediate	 followed	 by	 a	 nitrile	 upon	 reaction	 with	 azide.	 The	 reaction	 of	 azide	 with	
dithiobenzoates25	 and	 compounds	 similar	 to	 xanthates26,	 dithiocarbamates27	 and	
trithiocarbonates28,	29	to	produce	corresponding	(unstable)	thiatriazoles	has	been	reported.	
Lastly,	the	lack	of	thioacyl	azide	compounds	reported	in	the	literature	to	date	adds	further	




Aqueous	 GPC	 solvents	 containing	 200	 ppm	 sodium	 azide	 can	 react	 with	 RAFT	 polymers	
causing	alterations	to	the	MWD.	Preparation	of	RAFT	polymer	samples	in	a	solvent	without	
sodium	 azide	 is	 recommended	 to	 minimise	 the	 exposure	 time	 of	 the	 polymer	 to	 this	
nucleophile.	 The	 rate	 of	 sodium	 azide	 attack	 on	 RAFT	 polymers	 was	 found	 to	 vary	
significantly	 between	 CTAs	 with	 up	 to	 9	 times	 difference	 in	 rate	 of	 cleavage	 observed.	
Additionally,	 the	use	of	 sodium	azide	as	an	alternative	 to	amines	 for	RAFT	group	 removal	
was	demonstrated,	however	 its	 removal	 rate	was	 found	to	be	slower	 than	when	 identical	
molar	concentrations	of	methylamine	were	used.	The	 reaction	of	 sodium	azide	with	RAFT	
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